All ribosomal RNAs are preceded by leader sequences not present in the final ribosome particles. The highly conserved leader sequences of bacterial rRNAs are known to be Important for the folding and assembly of functional ribosomes. Very likely transient binding of the leader to mature parts of the 16S RNA occurs during transcription. To better understand the mechanistic details of these functions we have performed a secondary structural analysis of E.collribosomal RNA leader transcripts by chemical modification and enzymatic hydrolysis studies. The data were combined with results from thermodynamic stability calculations to yield a generalized structural model. The same secondary structure of the leader core, comprising the nuMike sequences up to the mature 5' end of the 16S RNA, was deduced, Irrespective if transcripts started at promoter P1 or 120 nucleotides downstream at P2. Employing gelshift and cross-linking studies we were able to demonstrate that a part of the leader core, namely the nut-Wke sequence elements bind directly to specific regions within the mature 16S RNA. The sites of RNA-RNA cross-linking could be localized by sequencing. They map in the 16S RNA 5' domain at nucleotide positions G27 to G42, C48, G68, G117 and G126. The results may explain the recently observed scaffolding function of the leader RNA during ribosome biogenesis.
INTRODUCTION
All ribosomal leader RNAs are generally removed during assembly and particle formation in a complex series of endonucleolytic processing steps (1) . Although leader RNAs are considered to participate in various transcriptional and post-transcriptional mechanisms their precise function is not known. The presence of sequences that closely resemble the nut sequences, boxA, boxB and boxC, suggests a function in transcription antitermination (2) . Furthermore, RNA polymerase transcribing through the rRNA leader region is known to pause for a considerable time at specific nucleotide positions pointing to a function in transcription regulation (3) . On the other hand, clear evidence for a participation of leader sequences in maturation and correct assembly of functional subunits has been reported. For instance, base change mutations within the leader 0L sequence) cause severe retardation of cell growth. This phenotype is caused by functionally defective 30S ribosomes, although the mutant leader sequences are not present in the final particle but processed correctly (4) (5) (6) . Mechanistic details explaining the above function are lacking. The available data imply that a transient interaction between the leader and the nascent 16S RNA may occur guiding correct particle formation. To analyze such putative interactions we have conducted a secondary structural analysis of leader transcripts. Comparison of the structures obtained from full-length leader transcripts with 5' or 3' truncated RNAs indicated the independent folding of the leader core, comprising the nut region and the tt structure (sequence 120-293).
The secondary and higher-order structures of the assemblydeficient mutant leader transcripts have also been studied. We show here that the base transitions in the tL region affect the secondary structure close to, and downstream from the mutation, and apparently cause differences in the higher-order structure of mutant leader transcripts. These structural differences are likely to disturb the folding and assembly pathway at early stages of the subunit biogenesis, and may thus explain the malfunction of the 30S ribosomes.
To analyze potential interactions of leader transcripts with mature rRNA we have performed gel retardation and UV-crosslinking experiments. Evidence for a direct interaction of the leader transcript with the 5' domain of mature 16S RNA was obtained. Within the leader transcript the nut sequences were determined as interacting domains. Within the 16S RNA the sites of interaction could be determined at the nucleotide level. The results suggest a transient interaction of sequences within the leader nut region with specific sites in the 5' domain of the nascent 16S RNA. This interaction apparently helps to guide and facilitate correct folding and assembly of 30S particles.
MATERIALS AND METHODS
Escherichia coli strains HB101 (7) and GM2199 (8) were used. Standard methods for DNA manipulation were used throughout (9) .
Plasmids
Plasmids pLT7Pl, pLT7P2 and pLT7t L have been described previously (10) . The construction of plasmid pLT7P2-ll is * To whom correspondence should be addressed analog to the plasmid pLT7P2. However, pLT7P2-ll contains base transitions in the leader at positions A239 to G, C262 to T and C274 to T (numbers refer to positions relative to the transcription start at rRNA promoter PI). Plasmid pT7-16S is a pUCl 8 derivative with a 388 bp BglU-HindUl fragment containing the T7 promoter sequence between the BamHl-HindUl site of pUC 18 (11) . Therefore, it was digested with Stul-HindHl, and the 1870 bp Dral fragment of pKK3535 (12) containing the entire 16S gene was inserted.
Preparation of rRNA
Total cellular RNA was prepared as described (13) . In vitro transcripts directed by the genuine rRNA PI promoter were prepared as described (14) . Wild-type and mutant leader transcripts of different length were obtained by run-off transcription of the T7 templates cut with the restriction enzymes indicated in Figure 1 as described (15) . [a-32 P]UTP was employed to obtain statistically labeled transcripts. Transcripts for UV-cross-linking experiments were prepared according to Stade (16) . For structural analysis transcripts were either 5' or 3' end-labeled after purification (17) .
Structural probing
The structure of isolated in vivo or in vitro transcribed leader rRNA was examined after a denaturation-renaturation step. This was achieved by heating the RNAs to 70°C for 1 min in 20 mM Na-cacodylate, pH 7.2, 100 mM KC1, 5 mM MgCl 2 , 1 mM EDTA, and slow cooling to 10°C. Limited enzymatic digestions employing SI, Tl, cobra venom enzyme CVE as well as the chemical modification reactions using DEP or DMS were performed as described (17) . If not stated otherwise reaction temperatures and incubation times were as follows: SI, CVE: 37°C, 10 or 30 min, respectively; Tl: 0°C, 10 min; DEP, DMS: 37 °C, 5 min. Modification products of in vivo transcribed RNA were determined by primer extension analysis (18) .
Secondary structure calculations are based on the method of Zuker and Stiegler (19) using the program FOLDRNA in the Sequence Analysis Software Package of the Genetics Computer Group (GCG) of the University of Wisconsin, Madison.
Gel retardation experiments
The binding of leader RNA transcripts to 16S RNA or 16S RNA fragments was accomplished by incubating 4 pmol of 32 P-labeled leader transcripts with 1 pmol unlabeled 16S RNA or 16S RNA fragments in 5 u.1 20 mM Na-cacodylate, pH 7.2, 100 mM KC1, 5 mM MgCl2, 1 mM EDTA for 1 min at 70°C followed by slow cooling to room temperature (1 °C/min). Samples were separated on composite 1 % agarose-3% polyacrylamide gels.
Cross-linking experiments and analysis of cross-linked products
s 4 U Leader RNA-16S RNA complexes were cross-linked by irradiation at 302 nm between 5 and 20 min on ice. Samples were denatured by glyoxylation and separated on composite 1% agarose-3% polyacrylamide gels. Cross-linked positions within the 16S RNA were determined by primer extension (18) .
Temperature-gradient gel electrophoresis
Differences in the higher-order structures of wild-type and mutant leader RNAs were determined by comparison of their electropho- 
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retic mobilities on a 7.5% native polyacrylamide gel at a continuous temperature gradient (20) . Radiolabeled wild-type and unlabeled mutant leader transcripts were mixed prior to separation. The temperature gradient was from 10 to 60°C. A standard separation procedure was followed (20) . The gel was silver stained and autoradiographed.
RESULTS
Structural analysis of leader RNA
E.coli rRNA operons are directed by tandem promoters PI and P2, which are separated by 120 bp of a rather variable sequence ( Fig. 1 A) . However, the sequence downstream from the P2 start, containing the nut-like elements and the tL region, is highly conserved for all seven nbosomal operons in E.coli (21) . We therefore call this sequence the rRNA leader core transcript In a recently published study we proposed a preliminary secondary structural model of the core transcript (10). Here we extended our investigation describing the influence of the sequence region between both tandem promoters PI and P2 on the folding of the leader core.
The single-strand-specific nucleases RNaseTl and SI, and the double-strand-specific enzyme CVE were used as structural probes (22, 23) . In addition, single-stranded nucleotides, not involved in helical structures, were monitored using DEP for accessible adenosines and guanosines at the N-7 position, and DMS for methylation of cytosines at N-3, adenosines at N-1 and guanosines at the N-7 position (24) .
Chemical and enzymatic probing of leader RNA was performed in a first approach using total RNA isolated from HB101. Because of the low abundance of leader-containing precursor RNA in living cells the sensitive primer extension method was used. A summary of accessible nucleotides identified in several independent analyses of in vivo RNA is given in Table 1 and indicated with the superscript (").
In addition, leader RNA extending from nucleotide position +1 (PI start) to the 5' end of mature 16S RNA was isolated by in vitro transcription using Bed linearized plasmid pKK3535 (12) employing the genuine PI promoter. Structural probing was performed as described for RNA isolated from living cells using primer extension. The results from experiments obtained from these in vitro transcripts are summarized in Table 1 with the superscript ( m ).
To obtain sufficient amounts of full-length leader rRNA and truncated subfragments we used the powerful T7 in vitro transcription system. Therefore, plasmids were constructed containing the complete as well as truncated parts of the rmB leader region under the control of the T7 promoter (Fig. 1) . In addition to the wild-type, mutant leader sequences with base changes in the tL region, conferring cold-sensitive and slow-growth phenotype (5,10), were prepared. Leader RNAs of different length were obtained as run-off transcripts employing templates with the T7 promoter fused to different positions of the leader region, linearized with different restriction enzymes. A summary of the template constructs indicating the restriction enzymes and the corresponding transcripts is presented in Figure IB . The given set of transcripts enabled us to compare structural information obtained for full-length leader transcripts, leader RNA fragments and leader RNA isolated from growing cells as described above.
Transcripts were labeled either at the 3' or 5' ends (17) . A renaturation-denaturation protocol was routinely followed prior to chemical and enzymatic probing. Data obtained from the analysis of T7 transcripts presented in Table 1 are indicated with the superscript ('). Table 1 gives a summary of all the data from structural probing experiments with superscripts (I, II, III) indicating the origin of the RNAs analyzed. Examples of the analyses are presented in Figure 2 . The analysis of the 3' end-labeled full-length leader RNA, extending from sequence position 1 (relative to the transcription start of the genuine rmB promoter PI) to nucleotide position 293 (5' end of the mature 16S RNA), is shown in Figure  2A . Accessible positions are indicated at the margin. A series of distinct bands within the 5' part of the leader RNA, from nucleotide 1 up to position 170, is already visible in the unreacted control RNA (0) as a result of an unknown nuclease activity under our renaturation conditions. Comparison of several independent experiments with 3' as well as 5' end-labeled RNAs did not reveal any conflicting results, indicating that only primary cuts were analyzed. Moreover, results obtained for the leader rRNA isolated from growing cells support the patterns obtained with in vitro transcripts, indicative of identical secondary structural folding of the two molecule species (Table 1) .
The analysis of 3' end-labeled leader RNA fragments, extending from nucleotide position 1 to 121 (wild-type), and 120 to 293 (mutant core transcript), is shown in Figure 2B and C, respectively. Comparison of the analysis of the full-length transcript, shown in Figure 2 A, with that of the two shorter leader RNA fragments reveals that the core structural domain shows identical secondary structural folding, whether or not the full-length leader or the truncated core was transcribed as a separate fragment. We conclude that the leader core containing the nut sequences and the tL structure folds into an independent domain not greatly influenced by the upstream sequences (positions 1-120).
Construction of a refined secondary structural model
We recently presented a preliminary model for the secondary structure of the rmB leader core based on experimental data, and the use of computer calculations (10) The experimentally derived data presented in this study confirm and extends our previous model. Figure 3 shows a refinement of the structure including the new information. Because the core sequence of the rmB leader RNA is highly conserved, the proposed secondary structure is very likely valid for all seven E.coli rRNA operons.
In the model shown in Figure 3 the accessible positions for single-strand specific nucleases are marked with arrows (S1: filled heads, RNaseTl: open arrows with a dot, S1 and RNaseTl: filled arrows with dot). Nucleotide positions accessible to chemical probes are indicated by circles (DMS: open circles, DEP and DMS: shaded circles). Open squares denote the cutting positions of the double-strand specific cobra venom enzyme CVE.
The proposed structure for the nut-like elements boxA, boxB, boxC (sequence positions 120-197) shows a very good correlation with the experimental data presented, whereas the structure further downstream contains some ambiguous elements. Nucleotide positions at the ends of double helical stem regions are frequently accessible to single-strand specific probes, and thus may reflect possible structural flexibility (breathing) or heterogeneities of the RNA under our analysis conditions.
Comparison of the structures of wild-type and pTll mutant leader RNA As described earlier (5,10) C to T base change mutations within certain positions of the leader tL region confer cold-sensitivity and retarded cell growth caused by defective 30S ribosomes. This functional deficiency is clearly not the result of processing defects since wild-type and mutant leader RNAs are processed in the same way and at the same efficiency. It was concluded, therefore, that the rRNA leader is transiently involved in assembly and biogenesis of the functional 30S subunit. The mutant leader sequences may form aberrant structures which are unable to support correct folding or otherwise disturb early assembly steps. The functional deficiencies of ribosomes assembled from rRN As with mutant leader sequences may thus reside in structural distortions of the leader RNA brought about by the base transitions. To answer this question we tested if base changes resulted in differences in the higher-order structure of mutant leader RNA. We concentrated on the analysis of the slow growing mutant pT 11, for which the most dramatic functional defects were observed (5). pTl 1 contains two C to T transitions at nucleotide positions 262 and 274. One additional A to G exchange, which creates a new Xhol site at nucleotide position 239, does not cause any noticeable physiological effect (5, 25) . Structural probing of the two corresponding transcripts was performed at two different temperatures (10 and 37 °C). At both assay temperatures the analysis of the mutant leader core transcript leads to very similar modification patterns (Fig. 2C) as in experiments performed with the wild-type RNA (10) . There are two noticeable exceptions: first, guanosines 263 and 266, which are only weakly accessible in the wild-type RNA, become more reactive in the pTl 1 mutant, with G266 more accessible than G263; second, position 278 is accessible to SI and RNaseTl cleavage in the wild-type, but not so in the pTll RNA (Fig. 2D) . Clearly, small but obviously very important differences in the secondary structure result as a consequence of the pTl 1 mutations.
Although the method of structural probing employing conformation-specific enzymes or chemical reagents provides valid information on nucleic acid secondary structures the interpretation of the higher-order structures is usually impossible or at best ambiguous. Suitable information on higher-order structural rearrangements can, however, be accomplished by the method of temperature-gradient gel electrophoresis (TGGE) (20, 26) . The method is based on temperature-dependent differences in the hydrodynamic properties of nucleic acid samples, which can be monitored by differences in the gel electrophoretic mobilities when a continuous temperature gradient is applied perpendicular to the direction of gel electrophoretic separation. The experiment was performed with a mixture of radioactively labeled wild-type and unlabeled pTl 1 mutant leader core transcripts. The gel was stained and subsequently autoradiographed. When both results are superimposed even minor changes in the electrophoretic mobilities of the two nucleic acid species can be identified unambiguously. In accordance to the differences between pTll mutant and wild-type RNA detected with the chemical and enzymatic approach a clear difference in the higher-order structure of both RNA species is apparent at the low temperature range of a TGGE experiment shown in Figure 4 . Both transcripts perform the same two main transitions with 7^ values of 20 and 39 °C. At the lower temperature (between 10 and 15°C), however, the wild-type RNA has a higher mobility compared to that of the mutant transcript At 17°C the transcripts undergo a conformational transition resulting in identical mobilities for wild-type and mutant RNAs. The experiment demonstrates a small but significant difference in the hydrodynamic shapes of pTl 1 and wild-type core leader RNA at low temperature, which is a clear indication for differences in the higher-order structure of the two molecules. We do not know at present if this difference is related to the subtle alterations in the analysis data employing structural probes (Fig. 2D) or caused by other differences not detected by the structural probing approach. It is conceivable that the observed difference in structure provides the basis for the functional deficiencies of ribosomes derived from mutant transcripts.
The leader nut-Wke elements interact with mature 16S RNA
Our previous studies have revealed that certain single-or double-base changes in the nur-like leader elements and the tL region cause defective small ribosomal subunits. In all cases analyzed, however, the ribosomal RNA is processed correctly, and leader sequences are not present in the final particles (5, 6, 27) . From these findings the hypothesis emerges that direct or protein assisted interactions between sequences of the leader RNA and parts of the mature 16S RNA facilitate the correct folding and assembly of the small ribosomal subunit. Because the same sequences are involved in later maturation steps one has to conclude that the influence of the leader RNA on structure and assembly of the pre-ribosomal particle must be of transient nature. This led us to propose that it should be possible to demonstrate complex formation between leader RNA transcripts and mature 16S RNA molecules. We tested therefore, if the full-length leader RNA, or certain fragments thereof, was able to interact specifically with mature 16S RNA isolated from 30S subunits. Complex formation was followed by gel retardation employing radioactive leader transcripts. The various leader transcripts tested are summarized in Figure 5 A, and the results are exemplified in Figure 5B . All leader transcripts containing the nut-like elements boxA, boxB, boxC, namely the full-length transcript (a), the core transcript (c) and the nut RNA transcript (d) are able to form a complex, whereas the 5' domain (b) and the tL region (e) do not interact with 16S RNA under the same conditions. We furthermore tested if complex formation with leader transcripts was specific for 16S RNA. Such studies revealed that no complexes were detected, for instance, when 23S RNA was provided as target for binding (data not shown). Most interestingly, complexes between leader RNA and mature 16S RNA could only be detected if the mixture of both RNA species was treated by a denaturation-renaturation step. This might be taken as indication that interacting domains of the two RNAs are not directly accessible within the final structure of the molecules but must be exposed or unmolten before, thereby supporting the idea of a transient interaction during synthesis.
The results clearly demonstrate, that direct RNA-RNA interactions between specific sequences of the leader RNA and the mature 16S RNA can be formed, and may thus provide the structural basis for the leader effects on 30S biogenesis. Although complex formation was obtained in the absence of any proteins, it cannot be ruled out that specific proteins might be involved in the recognition and binding event under in vivo conditions (see Discussion).
In a first attempt to localize the interacting domains within the 16S RNA successively truncated 16S RNA fragments were tested for complex formation. Nested 16S RNA sequences, ranging from the mature 5' end to positions 367, 706, 1196 or 1506, respectively, were used. It turned out that a 16S RNA fragment from the 5' end to position 367 was sufficient for complex formation with the leader core transcript (data not shown).
For the exact determination of the interacting nucleotides within the 16S RNA 5' domain we performed UV-cross-linking experiments with leader transcripts where 50% of the uracils were replaced by the analogue s 4 U (16). Under the cross-linking conditions (UV-radiation at 302 nm) only inter-RNA cross-links occurred.
Cross-linked positions within the 16S RNA were determined at the nucleotide level by primer extension analysis using a 5' end-labeled oligonucleotide complementary to nucleotide positions 162-178 of the 16SRNA. As can be seen in Figure 6 A, both control reactions with non-cross-linked (lanes 1 and 3) and cross-linked (lanes 2 and 4) leader RNA (lanes 1 and 2) and 16S RNA (lanes 3 and 4) , respectively, do not show any cross-link specific chain terminations. However, comparison of the leader RNA-16S RNA complexes before (lane 5) and after (lane 6) UV-irradiation reveals at least five specific premature chain terminations corresponding to nucleotides G127, Ul 18, G69, U49 and the region A28 to C43 within the 16S RNA. These nucleotides must have been 5' adjacent to the cross-linked positions, and, therefore, in very close vicinity to the leader RNA during complex formation. The cross-linked nucleotides within the generalized secondary structure of the 5' 16S RNA domain are summarized in Figure 6B . 
DISCUSSION
The structural model of the core leader RNA
The structural investigation described in this study extends, and basically confirms the preliminary structural model presented previously (10) . The same results were obtained with RNA isolated from living cells or transcribed in vitro, underlining the fact that no artificial structures were analyzed. In Figure 3 results from structural probing analysis and thermodynamic stability calculations of the leader core (positions 120-293) were combined. The main structural elements are formed by four long hairpins ( Fig. 3 ; I, II, III and IV). Overall, there is a very good correlation with the structure shown in Figure  3 and the results from structural probing analysis. Occasionally there are minor inconsistencies between the model and the data from structural probing. Apart from possible tertiary structural elements, which we are unable to recognize unambiguously breathing and thermal instability of the RNA structure itself may occasionally result in structural ambiguity. Furthermore, the co-existence of alternative structures in equilibrium under the analysis conditions cannot be ruled out, although we do not have evidence in support of this.
Comparative analysis of the complete leader sequence (position 1-293) and the leader core (120-293) reveals that the sequence upstream from the start of promoter P2 does not seem to influence the folding of the core element measurably. This is in line with the very high sequence conservation starting downstream from promoter P2, while the sequence between promoters PI and P2 has only a relatively small degree of conservation (21) . Most of the heterogeneous nucleotide positions of the seven different rRNA operons (9 out of 15) are located in loop regions or single-stranded parts of our model. The remaining six heterogeneities are found in the stem region of boxB where two can potentially form a compensating base panwhile the others may give rise to differently arranged stem structures with smaller loops yet comparable stability.
Functionally, the core leader RNA can be dissected into individual elements, like the nut sites (boxA, boxB and boxC) or the tL region. Three of the hairpin structures in Figure 3 can be assigned to these functional elements. The boxB sequence, comprising positions 123-146, folds almost certainly into a hairpin structure (I, Fig. 3 ) with a large loop, consisting of 11 purines and one pyrimidine (note however that due to operonspecific heterogeneities in sequence there may be deviations in the length of the stem and the loop size, as stated above). There are no inconsistencies between the structural probing data, and the structure predicted by computations, and we feel that there is little doubt concerning the correctness of this part of the model. The structure is, furthermore, in excellent agreement with data obtained for the boxB sequence of the corresponding nut site of phage X (28).
The boxA sequence, positions 149-158, is less clearly defined in structural terms. Information from structural probing is scarce and only few CVE cuts were obtained. We have arranged the structure mainly following the computer predictions, with 5' base pairs extending the boxB stem (hairpin I) and 3' base pairs with boxC at the bottom of hairpin II. The boxA thus forms a hinge within the core structure between boxB (helix I) and the lower part of hairpin II. A double-strand-specific cut flanking the 3'end of the boxA cannot be arranged easily into a helical structure and we think this part of the sequence could very likely be involved in some kind of higher-order structure.
The loop between boxA and boxC is almost certainly single-stranded, although only G169 is indicated (RNaseTl cut) due to difficulties in assigning the exact 5' border of the SI cleaved nucleotides (indicated as dotted arrows in Fig. 3 ). It should be noted, that analysis of this part of the structure was often hampered by spontaneous cleavage of the RNA during renaturation. Interestingly, these cleavage reaction occurs close to or at the natural RNaselll site! The boxC element, nucleotides 177-183, has a single-stranded 5' part while the downstream nucleotides are likely to be base-paired with the corresponding complementary boxA sequence (see above).
The other sequence element of outstanding interest, the tŝ tructure, which has been localized between positions 245 and 274, is consistently folded in a long hairpin structure interrupted by two internal loops (hairpin IV). The evidence for the existence of the lower part of the stem is solid, while the information on the upper part is more ambiguous. The sequences flanking the hairpin loop are potentially capable of forming a perfect helical stem structure. This stem, however, must be rather unstable because single-strandspecific cuts can be observed at G251/U252, and G263 is accessible for single-and double-strand-specific nucleases.
The remaining part of the sequence, the structure between the boxC (hairpin II) and the tL region (hairpin IV) is presented as a long interrupted helix with two bulges and two internal loops (hairpin III). The upper part of hairpin III (position 199-229) is in very good agreement with the results from structural probing. The information for the lower part is more ambiguous, and the structure may be arranged in slightly different ways without noticeable difference in probability.
Effects of base transitions in the t^ region on the leader RNA structure
Conformational changes due to long-range RNA-RNA interactions, and switches to alternative structures are known to occur in a number of functional RNA molecules (29) (30) (31) . Here we like to address the question if base changes within the rRN A leader cause changes in the secondary or tertiary structure, and thereby provide a mechanistic basis for the functional defects observed with the tL mutants.
Leader RNA transcribed from pTl 1 mutants deviates at three positions from the wild-type sequence (A239 to G, C262 to U, C274 to U). Results from the single base change mutations have so far not allowed a convenient explanation of the effects of the individual mutations. A point mutation in the tL hairpin loop (C257 to U) does not change the phenotype of mutant cells. The single base change at position C274 has no measurable physiological effect, either. The same is true for two single transitions at positions C248 and C250. Only the single C262 to U mutation results in slightly retarded cell growth (6, 27) . This points to the conclusion that destabilization of the stem region adjacent to the tL hairpin loop together with some simultaneous, more distant, effects create the conditions for the leader malfunction. In line with this, the results from limited enzymatic hydrolysis are compatible with the disruption of the tL helix between the hairpin loop and the first bulge (enhanced reactivities at positions 263 and 266). This notion is reinforced by TGGE experiments showing different temperature transitions for isolated wild-type and pTl 1 mutant transcripts (Besancon, Pardon and Wagner, unpublished results). Unmelting of the upper part of the tL structure is apparently not the only alteration which occurs. G278 which becomes shielded in the pTl 1 RNA indicates that there must be a structural reorganization extending downstream from the hairpin VI. The following possible, yet unproven, rearrangements may occur: partial disrupture of the tL stem would expose nucleotides 264-269 which could in turn form a continuous stretch of 6 complementary base pairs with nucleotides 285-290. Interestingly, the same sequence has been proposed to be part of a pair of competing helices (with nucleotides 7-16 of the mature 16S RNA) which have been proposed to be involved in a switch mechanism important for ribosome assembly (32)! Apart from differences in the stability it should be taken under consideration, that due to the mutated sequences the accessible regions of the tL structure might recognize different target sequences, and form alternative long-range interactions, under conditions where the tL helix is partly unfolded.
In addition to the subtle structural differences provided by structural probing analyses of wild-type and pTl 1 leader RNAs the mobility differences between the two molecular species apparent in the TGGE experiment (Fig. 5 ) adds further strong evidence for differences in the higher-order structure of the two molecules, at least at low temperature (note that the phenotype of the mutants is cold-sensitive).
Significance of the leader RNA-16S RNA interaction
In this study we have demonstrated that the ribosomal leader RNA is capable to form stable and specific interactions with sequences in the 5' domain of the mature 16S RNA. Binding was demonstrated by gel mobility analysis, and the binary complexes could be UV-cross-linked. The specificity of the interaction was examined in several ways. For example, no complex formation of the leader transcripts could be detected with 23S RNA, and transcripts of different origin, like viroid RNA, known to interact with 23S RNA, did not form complexes with the 16S RNA under our assay conditions. Experiments with truncated leader transcripts have shown that the nut site sequences are necessary and sufficient for binding.
Binding sites of the leader nut sequence within the 5' domain of the 16S RNA have been mapped at the nucleotide level (Fig.  6) . Some of the cross-link sites occur at nucleotides known to be involved in 16S RNA tertiary interactions (16S RNA positions U128 to G289 or G31 to C48/A306) (33, 34) . The pseudoknot structure formed at the 530 loop (16S RNA positions 505-507:524-526) which has functional importance during ribosomal coding/miscoding steps (35) is in close proximity to some of the cross-link positions. In addition, the cross-link sites are adjacent to helices 1:2 (16S positions 17-20:915-918), the central pseudoknot which links the three major domains of the 16S RNA molecule (36) [numbers of 16S RNA helices are according to Brimacombe (37) ]. The functional importance of the pseudoknot has been outlined in several reports (38, 39) . Interestingly, a C to U base change at position 23 of the 16S RNA, adjacent to the site we identified as leader-16S RNA contact, confers ribosomal assembly deficient, cold-sensitive phenotype, like the pTl 1 mutations (32). The phenotype is suppressed by a point mutation in the nut region of the rRN A leader.
In addition, within the interacting domain some ribosomal proteins, like S4, S5 or S16, are known to be in contact with the 16S RNA (40, 41) . Some S5 mutants also confer cold-sensitive phenotype with defective 30S particles (42, 43) .
Prerequisite for leader RNA-16S RNA interaction is the presence of the nut sites. Data from our laboratory show that ribosomal protein S10, which is identical with the NusE protein, binds to the leader nut site (10) . S10 has, on the other hand, been shown to bind to helix 34 (1139-1144) of the mature 16S RNA (44) . The proximity of helix 34 and helices 1:2, which had been proposed previously, would be in accordance with this notion (45) .
We do not know the molecular nature of the leader RNA-16S RNA interaction yet, but assuming that canonical Watson-Crick base-pairing is involved we have screened for putative complementary sites between sequences of the leader and the mature 16S RNA. A region of astonishing complementarity can be found between the single-stranded loop region of boxB and sequences of helix 6, a 16S RNA hairpin structure. The complementarity extends over 13 nucleotides from position 130-143 of the leader, and position 82-96 of the mature 16S RNA, with only three looped-out bulges (G137 within the leader structure, and C90, G94ofthe 16S RNA).
It is tempting to speculate that in vivo a similar interaction between the nut site sequences and sequences of the growing 16S transcript might occur. This interaction could help to fold and organize the structure and assembly pathway of the small ribosomal subunit.
The correct structure of the leader must have a pertinent function for this process. The importance of a correct leader structure for the function of the final ribosome is underlined by the report that correct biogenesis depends on the transcription rate. If rRNA operons are transcribed, for instance, by T7 polymerase at about the 4-fold rate, compared to E.coli polymerase, complete but functionally defect ribosomes are formed due to aberrant folding pathways (46) .
Assuming that mutations in the tL region will extend their effect upstream along the RNA chain to the nut site, and thereby affecting the correct interaction between the nut site and the 16S RNA, one would expect that pT 11 mutant leader RNA should not interact with 16S RNA. This is, however, not the case. Transcripts with the pTll mutations which contain the nut sequence are capable of binding to 16S RNA. If our hypothesis is correct that the pTl 1 mutations in the leader affect the scaffolding function during ribosome biogenesis one has to infer from the above finding that either the interactions between the mutant leader and the 16S RNA are of different nature or stability.
Although the leader-16S RNA complex formation was observed in the absence of any proteins it should be kept in mind that both RNAs are targets for many interacting proteins, and it can be envisaged that ribosomal proteins as well as Nus proteins participate in the leader-16S RNA complex formation. This is supported by the recent observation that Nus proteins interact with leader RNA transcripts (10) . In a preliminary experiment we have included Nus A, NusB and NusE during leader-16S RNA complex formation. A clear supershift of the retarded complex bands was observed (Pardon and Wagner, unpublished) . Although a detailed analysis of the Nus protein composition within the complex is pending one has to conclude that one or more Nus proteins are potentially involved in the leader-16S RNA recognition. This may explain that pTll leader RNA interacts with 16S RNA, however, the correct scaffolding function cannot be exerted. For a complete answer to the question of how pTll mutations affect the scaffolding function of the leader we have to analyze whether the sites of contact between pTl 1 mutant or wild-type leader and the 16S RNA are the same, or if there are stability differences between the different complexes. Furthermore, a detailed analysis of the effects of Nus proteins and/or ribosomal proteins on the formation of mutant and wild-type leader RNA-16S complexes is mandatory to understand the mechanism of the rRNA leader scaffolding function during ribosome biogenesis.
